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Neuronal glycoprotein M6a belongs to the tetraspan proteolipid protein (PLP) family. Mutations in GPM6A gene
have been related to mental disorders like schizophrenia, bipolar disorders and claustrophobia. M6a is expressed
mainly in neuronal cells of the central nervous system and it has been extensively related to neuronal plasticity.
M6a induces neuritogenesis and axon/filopodium outgrowth; however its mechanism of action is still unre-
solved. We recently reported that the integrity of the transmembrane domains (TMDs) 2 and 4 are critical for
Mea filopodia induction. There is also experimental data suggesting that M6a might be involved in synaptogen-
esis. In this regard, we have previously determined that M6a is involved in filopodia motility, a process that is de-
scribed in the first step of the filopodial model for synaptogenesis. In this work we analyzed the possible
involvement of M6a in synaptogenesis and spinogenesis, and evaluated the effect of two non-synonymous
SNPs present in the coding region of TMD2-GPM6A in these processes. The results showed that endogenous
M6a colocalized with both, pre-synaptic (synaptophysin) and post-synaptic (NMDA-R1), markers along of neu-
ronal soma and dendrites. M6a-overexpressing neurons displayed an increased number of synaptophysin and
NMDA-R1 puncta and, also, an increased number of colocalization puncta between both markers. Conversely,
the number of synaptic puncta markers in neurons expressing nsSNP variants was similar to those of control neu-
rons. Overexpression of M6a is accompanied by an increase in spine density, particularly in mature spines, as
compared with neurons expressing mGFP or GPM6A nsSNP variants. Taken together, these results suggest that

M6a contributes positively to spine and, likely, synapse formation.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Membrane glycoprotein M6a is a member of the proteolipid protein
(PLP) family, which has been related to neuronal development in differ-
ent experimental models. It is well-known that M6a induces
neuritogenesis and axon and filopodia outgrowth in M6a-overexpress-
ing neurons (Alfonso et al., 2005a; Lagenaur et al., 1992; Michibata et al.,
2009; Sato et al., 2011a; Scorticati et al., 2011). The interest in studying
M6a raises when variations in human GPM6A gene expression and non-
coding single nucleotide polymorphisms (SNPs) were linked to mental
disorders such as depression, schizophrenia and mental retardation
(Boks et al., 2008; Fuchsova et al., 2015; Greenwood et al., 2012;
Gregor et al., 2014).
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Few studies have analyzed the relationship between M6a structure
and its function. M6a is composed of 278 amino acids that form four
transmembrane domains (TMDs), two external loops, and the N- and
C-terminal regions located in the cell cytoplasm (Fig. 5B). Regarding
its TMDs, Sato et al. demonstrate that M6a overexpression in COS-7
cells induces filopodial protrusions and that specific amino acids resi-
dues scattered throughout the N-terminal and the TMD1 are required
(Sato et al., 2011b). We recently reported that certain glycines presents
in TMD2 and TMD4 are needed for M6a self-interaction, oligomeriza-
tion and filopodia induction in cultured hippocampal neurons. Three
non-synonymous SNPs (nsSNPs) present in the coding region of
TMD2 and TMD3 of GPM6A were found to affect M6a stability, interac-
tions, localization and filopodia formation in neurons (Formoso et al.,
2015).

Neuronal development involves neurite extension, axonal polariza-
tion and growth, dendritic arborization and synapse formation
(Caceres et al., 2012; Gartner et al., 2014). Dendritic spines represent
the post-synaptic compartment that commonly receives input from a
single excitatory axon at the synapse. Spines are small protrusions,
rich in actin filaments, which arise from the dendritic shaft. Many
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neurodegenerative diseases are related to differences in the number
and shape of this structure. This affected directly the number of synap-
ses; either an increase or a decrease can be deleterious. For instance, in
patients with autism spectrum disorders it has been described an exag-
gerated spine formation or incomplete pruning leading to increased
spine number. In contrast, loss of spine numbers in the adulthood
were described in patients with Alzheimer's disease suggesting im-
paired spine maintenance mechanisms that might underlie cognitive
failure (Penzes et al,, 2011).

Synaptogenesis involves a complex series of events that promote
neuronal differentiation, axon guidance, cell-cell adhesion and local dif-
ferentiation of pre- and post-synaptic compartments (Shen and Cowan,
2010). Many studies have established that the first step of synaptic con-
tacts between neurons are commanded by filopodia extending from
dendrites (Biederer and Stagi, 2008). Consistently, in our laboratory
we determined that M6a increases filopodia motility that might actively
initiate the synaptic contacts (Brocco et al., 2010). Many membrane
proteins like receptor-ligands partners, vesicles containing neurotrans-
mitters and scaffolding proteins are described as synaptic promoter
molecules that are present in dendrite as pre and post-synaptic compo-
nents before the synapse occurs. Afterwards, by cell-cell contact the
synaptic component accumulation (puncta) is generated at the synaptic
active zone (Chen and Cheng, 2009).

To date, there are only a few experimental evidences suggesting that
M6a might be involved in synaptogenesis. In this sense, Cooper et al. de-
termined that M6a localizes in glutamatergic axons from both cerebellar
and hippocampal neurons in the adult rat brain (Cooper et al., 2008). In
addition, M6a has been isolated from synaptic vesicles of the adult rat
brain (Takamori et al., 2006). These observations would suggest that
M6a has a pre-synaptic distribution in the adult rat brain. Also, in neu-
rons from double null mice (gpm6a/gpm6b —/—), Mita et al. found
that there is a reduction of the axon and the dendrite extensions,
which could be rescued by forcing the expression of M6 proteins. The
authors reached the conclusion that M6 proteins are redundantly re-
quired for proper axonal outgrowth and pathfinding (Mita et al.,
2015). However, studies that directly examine the contribution of M6a
in synapse formation are still unidentified. The aim of the present
work was to examine the role of M6a in synaptogenesis and spine for-
mation. Here, endogenous M6a distributed homogenously in the pre
and post- synaptic compartments and partially colocalized with
synaptophysin and NMDA-R1. We showed that overexpression of M6a
in cultured neurons stimulates the spine formation and increased
synaptophysin puncta and NMDA-R1 puncta and the colocalization of
both markers.

2. Materials and methods
2.1. Animals

Sprague-Dawley female rats maintained at the Facultad de Ciencias
Veterinarias of the University of Buenos Aires (FVET-UBA) were used.
All animal procedures were carried out according to the guidelines of
the National Institutes of Health (publications No. 80-23) and the Com-
mittee for the Care and Use of Laboratory Animals of the Universidad de
San Martin (CICUAE-UNSAM No. 03/2015) (Buenos Aires, Argentina).

2.2. Reagents and antibodies

F-Actin filaments were stained with rhodamine-conjugated
phalloidin (1/1000, Molecular Probes, Eugene, OR, USA). Primary anti-
bodies were: monoclonal anti-M6a rat IgG (M6a-mAb 1/250) (Medical
and Biological Laboratories, Nagoya, Japan), monoclonal anti-p-tubulin
I (Tuj-1, 1/1000, Covance, Princeton, USA) and monoclonal mouse
anti-microtubule associated protein type 2 (MAP-2) IgG (1/1000,
Sigma, St. Louis, MO, USA). Polyclonal antibodies against synaptophysin
rabbit IgG (1/500) and monoclonal mouse antibodies against N-methyl-

p-aspartate receptor type 1 (NMDA-R1, 1/500) purchased from Synaptic
Systems GmbH (SySy, Goettingen, Germany). Preabsorbed secondary
antibodies were: Alexa fluor 633 goat anti-mouse IgG (1/1000), Alexa
fluor 647 goat anti-mouse IgG (1/1000), Alexa fluor 568 goat anti-rabbit
IgG (1/1000), and Alexa fluor 488 donkey anti-rat IgG (1/1000) all
purchased from Invitrogen Corporation (Invitrogen, Leiden, the
Netherlands).

2.3. Plasmids

For green fluorescent protein (GFP)-tagged proteins, a plasmid
encoding for GFP (EGFP-C1; Clontech Laboratories, Palo Alto, CA, USA)
fused in frame with the sequence encoding M6a was used. The coding
sequence of M6a was cloned between the Apal and Kpnl sites of the plas-
mid. The plasmid encoding membrane GFP (mGFP) was obtained from
Adgene. The mutants SNP1 (F93C, rs11545190) and SNP2 (I97S,
rs11729990) were generated in a M6a:EGFP-C1 vector by standard
PCR mutagenesis techniques using BD Advantage 2 Polymerase Mix
(BD Biosciences Clontech, Heidelberg, Germany). Two overlapping oli-
gonucleotides containing the target mutation (Macrogen Inc., Korea)
were used to amplify the template DNA. Dpnl endonuclease (New
England Biolabs, Ipswich, USA) was used to digest the parental DNA
template and select for novel synthesized DNA containing mutations.
The identity of all constructs was verified by DNA sequencing
(Formoso et al., 2015).

2.4. Hippocampal cultures and plasmid transfection

Dissociated neuronal cultures were prepared from rat hippocampi of
embryonic day 19, as previously described (Formoso et al., 2015). Brief-
ly, tissues were treated with 0.25% trypsin in Hanks' solution at 37 °C for
15 min. A single-cell solution was prepared in Neurobasal® medium
(NB, Invitrogen) containing 2 mM glutamine (Sigma), 100 units/ml
penicillin, and 100 pg/ml streptomycin (NB1X) with 10% (v/v) horse
serum (Gibco®, Thermo Fisher Scientific). Cells were seeded on cover-
slips coated with 0.1 mg/ml poly-L-lysine hydrobromide (Sigma) and
20 mg/ml laminin (Invitrogen) at a low density of 7000 cells per well
into a 24 plate. After 2 h, the medium was changed to NB/N2 (NB1X
with 1 g/L ovalbumin; N2 and B27 serum-free supplements from
Invitrogen). Based on morphological characteristics, we estimated that
>90% of the cells in the cultures were neurons.

2.5. Synapses: immunocytochemistry-based assay

To assess synapse formation mediated by M6a, we performed three
experiments. Firstly, we evaluated the endogenous distribution of M6a
in primary hippocampal neurons along a time curve (1-15 days in
vitro -DIV-) to establish whether there is a polarity in the distribution
of M6a between pre- and post-synaptic compartments. Secondly, we
analyzed the presence, number and type of dendritic spines. Lastly, we
evaluated synapse formation by labeling pre- and post-synaptic pro-
teins (Ippolito and Eroglu, 2010). All the experiments were developed
at a low density of neurons (7000 neurons/well) in 24-well plates.
Each independent experiment is represented by three coverslips to
avoid a bias between small density differences among groups. The se-
lected neurons should be at least two cell diameters away from their
nearest neighbor. All experiments were carried out under blind condi-
tions to the examiner. Spine morphology and synapse formation were
determined from 12 to 14 DIV neurons transfected with mGFP or
M6a-GFP or GPM6A variants-GFP by the calcium phosphate method
(Vogletal.,2015). Briefly, 3 g of DNA mixed with 2.5 pl of calcium chlo-
ride (2 M, pH: 7.2) and H,0 q. s. 25 pl per well. While this solution
was dropped into a tube with 25 pl of HBS 2x solution (HEPES
50 mM, Na2HPO4 1.5 mM, NaCl 280 mM, pH: 7.1), the mixture was
bubbled with a Pasteur pipette and incubated for 15-30 min at 25 °C.
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Then, 40 Ll of the suspension was dropped into each well and incubated
for 4-6 h at 37 °C. Cells were washed five times for 5 min with PBS pre-
warmed at 37 °Cand incubated in conditioned medium. As in the case of
mGFP-overexpressing neurons, M6a-, SNP1- and SNP2-overexpressing
cells showed equal amounts of the protein and correct localization on
the neuron surface, as previously reported (Formoso et al., 2015).

2.6. M6a endogenous distribution

Depending on the stage of development, 1-4 DIV, 7 DIV, 10 DIV and
15 DIV neurons were incubated with anti-M6a mAb in fresh medium for
1 h at 4 °C. After a PBS wash, neurons were labeled with anti-rat Alexa
488 (1:1000) for 1 h at 4 °C. Afterwards, neurons were subjected to
two different protocols.

In the first protocol, 1-4 DIV, 7 DIV, 10 DIV and 15 DIV neurons were
fixed with 4% PFA, 2% sucrose in PBS, permeabilized with 0.1% Triton X-
100 and blocked with 3% BSA diluted in PBS for 1-2 h at 25 °C. After-
wards cells were labeled with either monoclonal Tuj-1, for 1-4 DIV
cells or monoclonal anti-MAP-2 for 7, 10 and 15 DIV cells at 4 °C. Sec-
ondary antibody incubation was carried out with anti-mouse Alexa
633 and actin filaments were stained with phalloidin-rhodamine for
1hat25°C.

In the second protocol, 7, 10 and 15 DIV neurons were fixed with a
solution containing 90% methanol and 10% buffer MES (100 mM MES
pH 6.9, 1 mM EGTA, 1 mM MgClI2) for 10 min at 4 °C. Cells were washed
with PBS-Tween (0.1%) for 5 min. The first blocking solution used was
FBS-Triton X-100 (FBS 10%, Triton X-100 0.1% diluted in PBS). The
second blocking solution was 3% BSA diluted in PBS for 20-30 min
at 25 °C. Both blocking solutions were centrifuged at maximum
velocity for 10 min. Neurons were stained with mouse anti-NMDA-R1
for 12-16 h at 4 °C and rabbit anti-synaptophysin. Both primary anti-
bodies were diluted in PBS-BSA 1% solution and centrifuged for
10 min at maximum velocity followed by three washes with PBS. Cells
were blocked again with 3% BSA and then with 10% FBS, Triton X-100
0.1% PBS for 1 h at 25 °C followed by the incubation with the secondary
antibodies anti-mouse Alexa 633 and anti-rabbit Alexa 568. Secondary
antibodies were diluted at 1:1000 in 1% BSA:PBS previously centrifuged
for 10 min at maximum velocity. Coverslips were mounted in Fluorsave
® (Calbiochem). Fluorescence images were acquired with a confocal
microscope Olympus FV1000 attached to an inverted microscope
Olympus IX81 (Melville, NY, USA). FluoView software (version 3.3,
Olympus) was used to acquire sequential images with a 60x objective
with a NA 1.42. The 2 x digital zoom was used and the pixel size of the
images was 1600 x 1600, following the Nyquist criterion.

2.7. Synapse quantification by immunostaining

The day after transfection, neurons were fixed with a solution con-
taining 90% methanol and 10% MES buffer (100 mM MES pH 6.9,
1 mM EGTA, 1 mM MgCI2) for 10 min at 4 °C. Cells were washed with
PBS-Tween (0.1%) for 5 min. The cells were fixed and stained with
mouse anti-NMDA-R1 and rabbit anti-synaptophysin as explained
above. Cells were incubated with secondary antibodies anti-mouse
Alexa 647 and anti-rabbit Alexa 568, which were diluted at 1:1000 in
1% BSA in PBS and centrifuged for 10 min at maximum velocity. Cover-
slips were mounted in Fluorsave ®. Fluorescence images were acquired
as describe above.

2.8. Image procedures and analysis

Synapse formation was measured by detecting colocalized puncta, in
25 pm of dendrite length, between post- and pre-synaptic markers in
approximately 20-30 neurons per condition (approximately 10 per
coverslip), using 2-3 fragments per neuron. This means each fragment
was treated as an individual value. These colocalized puncta were deter-
mined using the plugin Puncta analyzer from Image ] (NIH, 1.28

version) (Ippolito and Eroglu, 2010). At least three independent exper-
iments were measured. Images were processed in Adobe Photoshop
(version 8.0.1; Adobe Systems, San Jose, CA, USA).

2.9. Study of the morphology and number of dendritic spines

The day after transfection, neurons were fixed with a solution con-
taining 4% PFA, 4% sucrose diluted in PBS at 4 °C for 10 min followed
by three washes with pre-chilled PBS for 5 min each. Coverslips were
mounted with Fluorsave®. Spine density was quantified separately for
segments of selected second- or third-order dendritic branches and im-
aged with a confocal laser microscope Olympus FV1000 attached to an
inverted microscope Olympus IX81 (Melville, NY, USA). Confocal im-
ages were acquired in sequential mode with FluoView (version 3.3,
Olympus). Stacks series, with 0.10 pm slice thickness, were taken with
a zoom of 4x and a 60x lens (1.42 NA) collected from the bottom to
the top, covering all dendrites and protrusions. We used an image size
of 1024 x 1024 pixels and a scan speed of 4 ps/pixel. The number of
spines and the dendritic length were measured using the Image] soft-
ware. The number of spines was normalized per 10 um of dendritic
length and a minimum of three dendrites per cell (10-15 cells per
group) were analyzed in at least three independent experiments. For
the 3D visualization of the z-stacks, we used the FIJI software based on
the Image] software (NIH). The spines sampled from the dendritic seg-
ments were classified as immature (filopodia, long-thin, stubby) or
mature (mushroom, or cup-shaped) (see Fig. 4B) based on their mor-
phological characteristics, including the combination of spine length,
width, presence of head and relative width of the head (Hering and
Sheng, 2001; Nimchinsky et al., 2002).

2.10. Statistical analysis

Statistical analysis was performed using Student's t-test or one-
way ANOVA, followed by Bonferroni's post hoc test. P<0.05 was con-
sidered statistically significant. Calculations were performed with
GraphPad Prism 5.0 (San Diego, CA, USA) and data are expressed as
mean + SEM.

3. Results
3.1. Endogenous M6a colocalizes with both pre and post-synaptic markers

To determine whether endogenous M6a is able to influence the for-
mation of synapses, its cellular distribution along neuronal develop-
ment in cultured hippocampal neurons was analyzed. Fig. 1 shows
representative images of neurons at different stages of development
(1-15 DIV) labeled with rat anti-M6a-mAb (shown in green),
mouse anti-B-tubulin III as a neuronal marker in 1-4 DIV neurons
(Tuj-1, shown in blue) or mouse anti-MAP-2 as a dendrite marker in
7-15 DIV (shown in blue), and rhodamine phalloidin as F-actin probe
conjugated (shown in red). We found that M6a is distributed in dots
throughout the neuronal membrane of the soma (insets f and h) and
primary neurites (insets a—e and g). M6a depicted a uniform distribu-
tion at all stages of development and shows no distinction between
neurites and axons, being especially restricted at the edge of both pro-
cesses (insets a and g). In addition, M6a is present in filopodia protru-
sions that partially colocalized with F-actin (1, 2, 3 and 4 DIV), as we
have previously reported (Alfonso et al., 2005a). Similarly, at 7, 10 and
15 DIV, M6a is evenly dot-shaped distributed along the entire neuronal
surface, showing no preference for pre-synaptic (axons positive for M6a
and F-actin but negative for MAP-2) or post-synaptic (dendrites and
spines) regions (insets h-i).

We visualized synapses by immunocytochemistry as points of
colocalization between clusters of post-synaptic receptors and clus-
ters of synaptic vesicle proteins. In this case, we analyzed whether
M6a shows points of colocalization with pre and post synaptic
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Fig. 1. Endogenous M6a is distributed homogenously all along the neuron surface. Primary hippocampal neurons were plated and cultured for 1-15 DIV. Representative fluorescence
images from confocal microscopy show neurons immunostained with anti-M6a-mAb (shown in green) and phalloidin (F-actin, shown in red). At 1-4 DIV, neurons were also labeled
with an anti-B-tubulin III antibody (Tuj-1) as a neuronal marker, whereas at 7-15 DIV, neurons were labeled with anti-MAP-2 as a dendrite marker both (shown in blue). The
magnifications show a fragment (a-i), indicated by white square, stained only with anti M6a-mAb (green) and F-actin (red). a) Primary neurites and b) neuronal growth of a 2 DIV
neuron; c-d) neurites and filopodia of a 3 DIV neuron and e) axon f) soma and g) neurites of a 4 DIV neuron. h) Soma of a 10 DIV neuron and i) dendrite spines of a 15 DIV neuron.

Scale bar: 10 um and the insets size are a-g) 15 x 15 pm and h-i) 10 x 10 um.

markers (Fig. 2A) by using dissociated hippocampal neurons at
15 DIV labeled with mouse anti-NMDA-R1 antibody as the post-syn-
aptic marker (shown in blue), rabbit anti-synaptophysin antibody as
the pre-synaptic marker (shown in red) and rat anti-M6a-mAb
(shown in green). Fig. 2A shows a representative image of a 15-DIV
neuron and its magnifications (15 pm-long primary or secondary den-
drites, a-d), where M6a colocalized with synaptophysin (yellow arrow-
head, b-c) and NMDA-R1 (light blue arrowheads, b and d). Moreover,
we observed points of triple colocalization (white arrowheads, a-b),
which led us to speculate a functional participation of M6a in synapto-
genesis. Accordingly, we analyzed the puncta colocalization between
M6a, NMDA-R1 and synaptophysin. Fig. 2B-C shows a representative
image of 20 um of dendrite length showing the colocalization between
i) synaptophysin clusters and NMDA-R1 clusters (Syn/NMDA-R1, ma-
genta asterisks), ii) synaptophysin clusters and M6a clusters (Syn/
M6a, yellow asterisks), and iii) NMDA-R1 clusters and M6a clusters
(M6a/NMDA-R1, light blue asterisks). The output obtained from the
Puncta Analyzer is represented as black squares. In other words,
each black square represents the colocalization puncta between
the markers indicated in the image (magnified in the insets).
Fig. 2B shows the colocalization puncta of Syn/NMDA-R1, Syn/
M6a and M6a/NMDA-R1 that coexist (white asterisks). Moreover,
there are points of colocalizating puncta of M6a/NMDA-R1 in the
absence of colocalization with synaptophysin puncta. Fig. 2C
shows an example of points of colocalization puncta between
the three possible pairs that are independent from each other.
The orange asterisks indicate points where colocalization puncta
of Syn/M6a and M6a/NMDA-R1 coexist. These results led us to
speculate the functional participation of M6a in synapse
formation.

3.2. Neurons overexpressing M6a show an increase in both synaptic puncta
markers and likely synapses

We next examined whether M6a could modulate the number of pre
and post synaptic components (synaptophysin and NMDA-R1 respec-
tively) and, likely, synapses. Neurons at 15 DIV overexpressing either
mGFP or M6a were subjected to immunocytochemistry, as mentioned
above for Fig. 2. We quantified the effect of M6a overexpression on
the number of colocalizing puncta of pre and post-synaptic proteins as
a synapse by using plugin Puncta Analyzer (Ippolito and Eroglu,
2010). The number of synapses was quantified, with a constant thresh-
old, as the synaptic puncta colocalized with each synaptic marker. In
cultures of 14-15 DIV neurons, the distribution of synaptophysin-con-
taining puncta along cell bodies and dendrites was consistent with the
distribution of pre-synaptic buttons, as seen by electron microscopy.
On the other hand, the distribution of NMDA-R1-containing puncta of
glutamatergic neurons was consistent with post-synaptic compart-
ments (Fletcher et al,, 1991; Weiss et al., 1998). Fig. 3A shows represen-
tative images of 25 pm dendritic segments of each group. For a better
visualization of the spots of colocalization, dendritic segments overex-
pressing mGFP or M6a are shown in gray; synaptophysin was stained
in red and NMDA-R1 was stained in deep red (shown in green). Neu-
rons overexpressing mGFP show few points where the red mark is
aligned with the green mark (colocalization observed in yellow). In con-
trast, neurons overexpressing M6a show a significant larger number of
yellow points all along the dendrite shaft and spines. The plugin pro-
vides the quantification corresponding to the puncta of each marker
separately and the puncta colocalized with each of them. Fig. 3B-D
shows the quantification of the number of synaptophysin, NMDA-R1
and colocalization puncta as possible synapses respectively. In all
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Fig. 2. Endogenous M6a colocalizes with both pre-synaptic and post-synaptic markers. (A) Representative images of a 15 DIV hippocampal neuron labeled with anti-M6a-mAb (green), the
pre-synaptic marker synaptophysin (Syn, in red) and the post-synaptic marker NMDA-R1 (in blue). Colocalization of proteins of M6a; Syn and NMDA-R1 in 15 pm of dendrite length is
shown in the magnifications. Colour arrowheads indicate colocalization of the labeled proteins: white arrowheads represent triple colocalization, light blue arrowheads represent M6a/
NMDA-R1 colocalization, yellow arrowheads represent M6a/Syn colocalization and magenta arrowheads represent Syn/NMDA-R1 colocalization. Scale bar: 15 um. (B and C)
Magnification from 20 um of dendrite labeled as described in A. Scale bar: 5 pm. The output obtained from the Puncta Analyzer is represented as black squares (magnified in the
insets). (B) Colocalization puncta of Syn/NMDA-R1 (magenta asterisks), Syn/M6a (yellow asterisks) and M6a/NMDA-R1 (blue light asterisks) simultaneously plotted (white asterisks).

(C) Points of colocalization puncta between the three possible pairs that are independent from each other. The orange asterisks indicate points of colocalization puncta of Syn/M6a and
M6a/NMDA-R1.
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Fig. 3. Neurons overexpressing M6a show an increase of both synaptic puncta markers and likely synapses. (A) Representative images of segments of 25 um of a dendrite from 15 DIV
neurons show the distribution of the construct shown in gray. Neurons were labeled for synaptophysin (Syn in red) and NMDA-R1 (green). Merged images show yellow dots that
represent overlapping of the clusters of pre- and post-synaptic markers. Asterisks represent the overlapping (yellow). Scale bar: 5 um. (B-C) Puncta Analyzer quantification of clusters
was done along 25 um of dendrite. (D) Clusters of colocalization of synaptophysin and NMDA-R1 as average number of likely synapses. White bars represent mGFP and black bars
represent M6a:GFP. Significant differences were determined using Student's t-test. ***, p < 0.005, and * p < 0.05 mGFP vs M6a. The data show a representative experiment of three
independent experiments, where each bar represents the mean of the total of fragments of 25 um of dendrite length, and are expressed as mean + SEM.

cases, M6a-overexpressing neurons presented a significantly higher av-
erage number of synaptophysin puncta, NMDA-R1 puncta and
colocalized puncta than mGFP-overexpressing neurons. The results ob-
tained here suggest that M6a modulates excitatory synapses by increas-
ing both synaptic components that possibly increase the synapse
number.

3.3. Neurons overexpressing M6a show an increase in spine density

Dendritic spines appear as small protrusions (<2 pum in length from
dendrite shaft to the tip) that play a major role in neuronal plasticity and
integration throughout their structural reorganization. We have previ-
ously shown that M6a promotes filopodia formation in different cell
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Fig. 4. M6a-overexpression increases dendritic spine density. (A) Representative images of second/tertiary dendrite segments (10 um in length) from neurons at 15 DIV expressing mGFP
or M6a:GFP. According to spine morphology, asterisks indicate long-thin, arrows indicate filopodia, and arrowheads indicate mushrooms. Scale bar: 2 pm. (B) Dendritic spine can be
classified as stubby, filopodia, long-thin, mushroom and cup-shaped. According to their functionality, they can be also classified as immature (filopodia, long-thin and stubby) or
mature (mushroom and cup-shaped). (C) Spines were quantified as the number of spines per 10 pm of dendrite. Black columns represent total spine number and white columns
represent the number of each spine type. Student's t-test. ***, p < 0.005 mGFP vs M6a, **, p < 0.01 mGFP filopodia and mushroom vs. M6a filopodia and mushroom, *, p < 0.05 mGFP
cup-shaped vs M6a cup-shaped. (D) Spine density is shown as fold change mGFP vs. M6a. Significant differences were determined by Student's t-test, ****, p < 0.001 mGFP mature vs.
M6a mature, ***, p < 0.01 mGFP immature vs. M6a immature. The data are expressed as mean + SEM and are representative of three independent experiments.
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lines (Alfonso et al., 2005a; Fuchsova et al., 2009). Here, we analyzed
whether M6a might be involved in dendritic spine formation. For that
purpose, 14-15 DIV neurons were transfected with mGFP or M6a
fused to GFP. Fig. 4A shows representative images of 10 um of dendritic
length of mGFP/M6a-overexpressing neurons. Spine density and
morphology were evaluated from three-dimensional visualizations of
10-um segments of second- or third-order dendritic branches from a
minimal of three segments per neuron. Spine morphology is highly var-
iable and, based on their structure, spines can be classified as: filopodia,
long-thin, stubby and mushroom-shaped, the latter of which includes
mushroom, cup-shaped or branched. On the other hand, some authors
classify them in immature and mature taking into consideration that a
mature spine has a mushroom-like shape (Kasai et al., 2010) (Fig. 4B).
The total average number of spines in M6a-overexpressing neurons
was significantly higher than the control group. Taking the spine
shape and length into account, we established that M6a-overexpressing
neurons have a significant change in the number of both immature
spines (filopodia and stubby) and mature spines (mushroom and cup-
shaped) (Fig. 4C). For this reason, we analyzed differences within
mature and immature groups. The results obtained show that mature
spines predominate in M6a-overexpressing neurons, which show a
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2.5-fold increase over mGFP-overexpressing neurons, compared with
immature spines, which show a 1.5-fold increase over mGFP-overex-
pressing neurons (Fig. 4D). Taken together, these results show that
M6a promotes spine formation in cultured hippocampal neurons, with
a majority of mature spines.

3.4. Neurons overexpressing GPM6A variants impair the number of synap-
tic puncta markers and likely synapses

In a previous work, we analyzed the effect of different genetic vari-
ants in the coding region of the human GPM6A gene. We focused on pro-
tein stability, dimerization and function. Particularly, two nsSNPs
located in TMD2 (SNP1 (rs11545190, F93C) and SNP2 (rs11729990,
197S)) affect M6a stability, self-interactions and filopodia induction in
neurons at 5 DIV (Formoso et al., 2015) (Fig. 5B). In this work, we ex-
plored whether these nsSNPs might modify M6a synapse promotion
by immunocytochemistry synapse assay in cultured neurons. Therefore,
at 15 DIV, neurons overexpressing either mGFP, M6a, SNP1 or SNP2
were subjected to immunofluorescence, as mentioned above for Fig.
3A. Fig. 5A shows representative images of 25 pm of dendritic segments
of each construct (in gray) showing stained clusters of synaptophysin in
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Fig. 5. Neurons expressing GPM6A variants impair the number of both pre- and post-synaptic puncta markers and likely synapses. (A) Representative images of dendrite fragments of
25 um of 15 DIV neurons show the constructs mGFP, M6a, SNP1 (rs11545190, F93C) or SNP2 (rs11729990, 197S) in gray, synaptophysin in red and NMDA-R1 in green. The yellow
puncta in the images show the overlapping of the clusters of pre- and post-synaptic markers. Scale bar: 5 um. (B) Topological prediction of M6a structure. M6a possesses four
transmembrane domains (TMDs), one minor (EC1) and one major (EC2) extracellular loop, one intracellular (IC) loop and the N- and C-terminal regions facing the cytoplasm.
Highlighted are the different genetic variants assayed in this work. The white circles indicate the relative positions of the two nsSNPs located in GPM6A TMD?2 identified in the dbSNP
database. (C-D) Cluster were quantified by means of the Puncta Analyzer along 25 um of dendrite. (E) Clusters of colocalization of synaptophysin and NMDA-R1 as average number of
synapses. Black bars represent M6a-overexpressing neurons. Significant differences were determined by Student's t-test. **, p < 0.01 mGFP vs. M6a; ##, P < 0.01 M6a vs. SNP1 and
SNP2. The data show a representative experiment of three independent experiments, where each bar represents the mean of the total of fragments of 25 um of dendrite length, and

are expressed as mean + SEM.
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red and NMDA-R1 in green. Neurons overexpressing wild type (wt)
M6a showed several points of colocalization (shown in yellow) com-
pared to mGFP-overexpressing neurons or both mutants, which
showed few points of colocalization. The quantification of the average
number of (synaptic markers) puncta and the colocalization of both
are shown in Fig. 5C-E. As in the case of Fig. 3B-D, the number of synap-
tic markers (synaptophysin and NMDA-R1) puncta in M6a-overex-
pressing neurons is significantly higher than in mGFP-overexpressing
neurons. However, neurons overexpressing the SNP1 and SNP2 variants
have the same number of clusters of synaptic markers as control neu-
rons. Moreover, the quantitative analysis of the average number of
colocalized puncta of both synaptic markers showed that none of the
SNPs were able to induce synapses compared with M6a-neurons. In
fact, the number of synapses detected in neurons overexpressing either
SNP was significantly lower than that in M6a-overexpressing cells (Fig.
5E). These results confirm the deleterious functional effect of the mis-
sense mutations in the human GPM6A gene.

3.5. nsSNPs in GPM6A affect M6a spine induction

Based on the latter observations, we then examined whether the
nsSNPs in the coding region of GPM6A could modify spine arborization

in mature cultured neurons. As explained for Fig. 4, at 14-15 DIV, neu-
rons were transfected with mGFP, M6a, SNP1 or SNP2 fused to GFP.
The day after, cells were fixed and mounted to evaluate changes in
spine density, morphology and function. Fig. 6A shows a panel of repre-
sentative images of 3D visualization of 10 pm of secondary or tertiary
dendritic segments transfected with the different constructions (in
gray). In the resulting quantification (Fig. 6B—C), as in the case of Fig.
4C-D, wt M6a-overexpressing neurons significantly increased the
total number of spines, predominantly mature, compared with mGFP-
overexpressing neurons. By contrast, neurons overexpressing the gene
variants SNP1 and SNP2 totally blocked the effect of M6a on spine in-
duction. Moreover, in the morphology-functional analysis, both nsSNPs
showed levels of immature and mature spines equal to those of mGFP-
overexpressing neurons (Fig. 6C).

4. Discussion

In this work, we provide new evidence of M6a synaptic localization
in cultured hippocampal neurons. We show that M6a overexpression in
neurons modulates dendritic spine arborization/morphology and con-
tributes to cell-cell attachment and consequently might promote
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Fig. 6. nsSNPs present in the coding region of GPM6A impair spine induction. (A) Representative images of dendrite segments of 10 pm of 15 DIV neurons expressing mGFP, M6a, SNP1or
SNP2 neurons are shown in gray. Scale bar: 2 um. (B) Spine quantification is shown as the number of spines per 10 um of dendrite. Black columns represent the total number of spines per
condition and the white columns represent the number of spines classified by shape per condition. At least three dendrite segments per neuron in almost 20 neurons were quantified.
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synapse formation. We also described the potential deleterious risk of
two genetic variants (nsSNPs) reported in the human GPM6A gene.

Since the way in which M6a is distributed within different synaptic
compartments is unknown, we first conducted a study to visualize
M6a endogenous distribution in hippocampal neurons at different
stages of development. Cooper et al. determined that M6a had an exclu-
sive pre-synaptic localization in axons of glutamatergic neurons in the
adult rat brain (Cooper et al., 2008). Moreover, by means of electron mi-
croscopy, Roussel et al. detected M6a only in the cytoplasmic side of the
pre-synaptic membrane and in the membrane of synaptic vesicles in
granular cells from the cerebellum of young rats (Roussel et al., 1998).
Consistently, by using mass spectrometry Takamori et al. determined
that M6a is present in synaptic vesicles purified from adult rat brain
(Takamori et al., 2006). Here, we showed that endogenous M6a in neu-
rons across 4-15 DIV does not have a predominantly axonal distribution
as reported in the rat brain, but rather a uniform staining along the neu-
ronal surface. Moreover, M6a showed points of colocalization puncta
with both pre- and post-synaptic markers. These results suggest differ-
ent possibilities: i) M6a could be part of the pre-synaptic boutons that
are closely related to synapses in which NMDA-R1 is involved; ii) M6a
could be part of the post-synaptic compartments in association with
synapses in which synaptophysin is involved; iii) M6a can be part of
both pre- and post-synaptic compartments and its distribution differs
from that observed in the brain tissue. To further address these possibil-
ities, techniques such STED or STORM should be used (Dani et al., 2010).
The same behavior has been reported for brain-derived neurotrophic
factor (BDNF). Results of studies in neurons overexpressing BDNF sug-
gest that it is closely related to pre- and post-synaptic compartments.
However, in the case of brain sections, endogenous BDNF has been
found only in pre-synaptic sites (Andreska et al.,, 2014).

Although synapse formation is a complex process that has been
widely studied, the mechanisms of action have not been fully described.
In this sense, neither spine formation nor the types of dendritic spines
that may participate in a synapse have been fully determined. Thus,
three possible models have been proposed to explain how a synapse
is established. Sotelo's model describes that a synapse could arise
when a stubby spine is contacted by the axon terminal and induces its
development towards the mushroom type (Sotelo et al., 1975). In Mill-
er/Peters's model, the pre-synaptic terminal could directly contact with
the dendrite shaft, inducing spine outgrowth (Miller and Peters, 1981).
Finally, in the Filopodial model, dendritic filopodia may actively initiate
synaptogenic contacts by contacting a pre-synaptic terminal that would
induce its stabilization and thereafter mature to the mushroom type
(Yuste and Bonhoeffer, 2004; Ziv and Fisher-Lavie, 2014).

The ideal assay to measure a functional synapse is one that tests both
the pre-synaptic and post-synaptic function. Here, we quantified synap-
ses by the immunoreactivity of molecular components (clusters of post-
synaptic receptors opposed to clusters of synaptic vesicle proteins)
(Craig et al., 2006). We measured the synaptogenic effect of M6a
using the Puncta analyzer in neurons (Ippolito and Eroglu, 2010). The
number of both synaptophysin and NMDA-R1 clusters was higher in
M6a-overexpressing neurons than in mGFP-overexpressing ones. Fur-
thermore, the average number of possible synapses placed in the den-
drite shaft and spines was significantly greater than in control cells. In
agreement, we have previously reported significantly lower density of
pre-synaptic clusters of synaptophysin in neurons treated with RNA in-
terference to deplete endogenous M6a (Alfonso et al., 2005a). Besides,
dendrites that are in contact with M6a-transfected axons show high
quantity of synaptophysin clusters (Fuchsova et al., 2009). Here, we
first established an induction of synaptophysin and NMDA-R1 clusters
in M6a-overexpressing neurons and points of double colocalization of
both synaptic markers positioning M6a as possible promoter of synap-
ses. However, these findings should be corroborated with electrophysi-
ology or electron microscopy.

M6a has been linked to various psychiatric disorders such as schizo-
phrenia, bipolar depression and claustrophobia (Boks et al., 2008;

El-Kordi et al., 2013; Fuchsova et al., 2015). It has been described that
in many neurodegenerative diseases, including depression, Alzheimer,
and Parkinson, there is either a decrease or an increase in spine density
and/or in the proportion of mature and immature spines (Lopes et al.,
2015; Mavroudis et al., 2013; Sierakowiak et al., 2014; Yang et al.,
2012). The results obtained here show that M6a promotes dendritic
spines in primary cultured neurons of 15 DIV. In addition, we evaluated
the morphology of spines by classifying them as immature (filopodia,
long thin and stubby) or mature (mushroom and cup-shaped) (Bae et
al., 2012; Kasai et al., 2003; Nimchinsky et al., 2002; Spiga et al.,
2014). However, to date, there is no consensus on which dendritic
spines are able to participate in synapses. In this sense, our results
showed that M6a is able to induce both immature and mature spines,
being the latter the main ones. Considering the three models described
above, we can only speculate that the increased spine density in M6a-
overexpressing neurons eventually might increase synapses formation.

We have previously described that two nsSNPs located in TMD2 of
the human GPM6A gene impair M6a filopodia induction, stability and
dimer formation (Formoso et al., 2015). We have to take into consider-
ation that none of these nsSNPs have a reported frequency, although
SNP2 is validated by both HapMap database and Cluster. However, the
consequences of missense mutations in the protein's function are im-
portant to determine a possible risk for the patients that bear these ge-
netic variants. Indeed, here, the presence of both nsSNPs blocked M6a
dendritic spines and synapse formation. It has been reported that ani-
mal models of chronic stress/depression display a reduction of dendritic
branching and loss of synapses in different areas of the hippocampus
(Magarinos et al., 1997; Popoli et al,, 2012; Qiao et al., 2016). The reduc-
tion of M6a-mRNA expression levels in the hippocampus of chronically
stressed mice, tree shrews and depressed humans has been previously
reported (Alfonso et al., 2005a; Alfonso et al., 2005b; Cooper et al.,
2009; Fernandez et al., 2010; Fuchsova et al., 2015). Thus, we can only
ensure that there is a correlation between the significant decrease in
spinogenesis and the decrease in the number of synapses, having no dis-
tinguishable feature for any of the genetic variants. These synaptic def-
icits may play an important role as predictor markers in patients with
mental disorders who have these variants.
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